[1] Ten years of ACE plasma and magnetic field measurements are divided into 20,076 subintervals that are 4.55 h long. Each subinterval is Fourier analyzed resulting in a statistical ensemble of 20,076 realizations of the solar wind and its "turbulence." Oxygen charge-state ratios are used to categorize each subinterval as coronal-hole-origin plasma, non-coronal-hole-origin plasma, or ejecta. A number of known properties of the solar wind v and B fluctuations are statistically confirmed and new informatin as functions of the type of plasma is obtained. For the fluctuations it is found that the coronal-hole-origin versus non-coronal-hole-origin classification is more fundamental than a fast-wind versus slow-wind classification. In the frequency range 4.3 Â 10 À4 -1.9 Â 10 À3 Hz, the ensemble the mean spectral indices of the magnetic field, velocity, and total energy are À1.62, À1.41, and À1.52, however the spectral indices vary with changes in the type of plasma. The number of strong current sheets in each subinterval is recorded. The fluctuation amplitudes, Alfvén ratios, and outward-inward Elsasser ratios are all strongly correlated with the properties of the plasma and the density of current sheets. Regions wherein the fluctuation spectra are shallowest correspond to coronal-hole plasma; regions wherein the spectra are steepest correspond to non-coronal-hole plasma and ejecta. The autocorrelation times for the spectral indices and amplitudes are 20-30 h, similar to the autocorrelation times for the proton specific entropy, the carbon charge-state ratio, the density of strong current sheets, and the classification of plasma. Analysis is performed to interpret ensembles of spectra with variance error. 
Introduction
[2] The fluctuations dv and dB of the magnetic field B and plasma flow velocity v measured by a spacecraft in the solar wind are produced by a mix of MHD turbulence, current sheets, pressure-balanced structures, plasma blobs, magnetic holes, inhomogeneities, etc. From day to day or even from hour to hour different types of solar wind plasma pass the spacecraft.
[3] Although their amplitudes are similar, the statistics of the dv fluctuations differ from the statistics of the dB fluctuations. In Figure 1 a comparison of velocity v and magnetic field B hodograms for the solar wind shows this difference. The hodograms are constructed from 8 days of measurements by ACE. Figure 1 is a double slice through a three-dimensional velocity hodogram ( Figure 1 , left) (constructed by plotting v t versus v n in blue for À5 km/s ≤ (v r À 〈v r 〉) ≤ +5 km/s and plotting (v r À 〈v r 〉) versus v n in red for À5 km/s ≤ v t ≤ +5 km/s) and a slice through a threedimensional magnetic field hodogram ( Figure 1 , right) (constructed by plotting B t versus B n in blue for À2 nT ≤ B r ≤ +2 nT and plotting B r versus B n in red for À2 nT ≤ B t ≤ +2 nT). As can be seen, the hodogram of B vectors forms a shell (with radius |B|) and the hodogram of v vectors forms a solid sphere (with radius 〈dv〉). (Note that there is a shift in the value of |B| during the time series which results in a double shell.)
[4] Studies of solar wind fluctuations tend to utilize magnetic field measurements because they have higher time resolution (yielding a larger dynamic range of frequencies) and are less subject to noise [e.g., Johnstone and Krauklis, 1998; Borovsky et al., 1997] .
[5] It is important to know both the properties of the velocity fluctuations dv and the properties of the magnetic field fluctuations dB. Three examples are as follows: (1) To calculate the eddy viscosity and other turbulent-transport coefficients in MHD, knowledge of both dv and dB is required [Hamba, 1992; Yoshizawa and Yokoi, 1996; Borovsky, 2006] . (2) To understand turbulent-dynamo 1 processes, wherein there is an unbalanced exchange of energy between the velocity fluctuations and the field fluctuations, both dv and dB must the characterized at all frequencies [Hamba, 1992; Mininni et al., 2005] . (3) For basic tests of MHD-turbulence theories, the total-energy spectrum must be obtained, which requires both dv and dB to be utilized. Additionally, near boundaries in the solar wind (such as plasma interfaces or fossil current sheets) boundary conditions on v and dv may differ from boundary conditions on B and dB.
[6] The analysis of this paper breaks the 1998-2008 ACE data set into 20,094 non-overlapping data subintervals that are each 4.55 h long. The velocity and magnetic field in each subinterval are separately analyzed by Fourier techniques and the ensembles of output parameters are statistically analyzed. Working with ensembles of short time intervals allows the reaction of the turbulence to variations in the solar wind properties to be studied; however power spectral densities calculated from finite time intervals have "variance error" and the effects of the variance error must be carefully considered. Through the use of controlled numerical experiments Appendix A describes the interpretation of ensembles of spectra with variance error. To check the validity of the ensemble results, comparisons will be made with the analysis of time long intervals.
[7] The solar wind at 1 AU is typically categorized as slow wind versus fast wind versus ejecta [e.g., Ruzmaikin et al., 1997; Manoharan et al., 2000; Li, 2007; Yordanova et al., 2009; Tessein et al., 2009] . Here a categorization of the solar wind as to the region of origin on the Sun will be used: coronal-hole-origin plasma versus non-coronal-hole-origin (streamer-belt) plasma versus ejecta. This categorization is made by inferring the coronal temperature from measurements of heavy-ion charge-state ratios in the wind [cf. Geiss et al., 1995; Zurbuchen et al., 2002; Zhao et al., 2009; von Steiger et al., 2010] .
[8] This manuscript is organized as follows. In section 2 the data sets employed and data-analysis methods used are described. section 3 contains a study of strong current sheets (directional discontinuities) in the solar wind; data subintervals without strong current sheets are the cleanest for the study of non-discontinuity fluctuations, however selecting strong-current-sheet-free intervals skews the data selection strongly to coronal mass ejections and non-coronalhole-origin plasma. In section 4 the spectral indices of the velocity, magnetic field, and total energy are examined in relation to the properties of the solar wind and the type of wind; spectral indices for inward and outward Elsasser variables are also examined. In section 5 the fluctuation amplitudes of the velocity, magnetic field, total energy, and inward and outward Elsasser variables are examined in relation to the properties of the solar wind and the type of wind; additionally the Alfvén ratio and outward-inward imbalance of the fluctuations are examined. Section 6 contains discussions about (1) the variability of the spectral indices of the solar wind, (2) the systematic difference between the velocity and magnetic field spectral indices, (3) comparing the measured total-energy spectral index to expectations from turbulence theories, and (4) future work that is needed. The results of this study are summarized in section 7. In Appendix A numerical experiments are performed to learn how to interpret the ensembles of spectralindex measurements from the ACE spectra with variance errors. Appendix B contains a discussion of the merits of data-tapering windows for Fourier-transform analysis of the ACE measurements.
Data Methodology
[9] Merged 64-s-resolution magnetic field and plasma measurements from the ACE spacecraft upstream from the Earth are used to analyze the MHD fluctuations of the solar Figure 1 . Using 8 days of measurements (February 4-11, 2003) from (left) ACE SWEPAM and from (right) ACE MAG, slices through 3-dimensional hodograms are created. The velocity hodogram (left) is constructed by plotting v t versus v n (black points) for À5 km/s ≤ (v r À 〈v r 〉) ≤ +5 km/s and plotting (v r À 〈v r 〉) versus v n (red points) for À5 km/s ≤ v t ≤ +5 km/s and the magnetic field hodogram (right) is constructed by plotting B t versus B n (black points) for À2 nT ≤ B r ≤ +2 nT and plotting B r versus B n (red points) for À2 nT ≤ B t ≤ +2 nT.
wind. The magnetic field measurements are from the MAG instrument [Smith et al., 1998 ] and the plasma measurements are from the SWEPAM instrument [McComas et al., 1998 ]. The focus of the analysis is on fluctuations of the plasma flow velocity v, the magnetic field vector B, the magnetic field b = B/(4pm i n) 1/2 measured in Alfvén units where n is the 64-s resolution plasma number density, and the two Elsasser variables z + = v + b and z À = v À b. Data from the SWICS mass-spectrometer [Gloeckler et al., 1998 ] onboard ACE will also be used to determine coronal-hole-origin solar wind from non-coronal-hole-origin solar wind (see below).
[10] The February 1998 -July 2008 ACE data set is broken into 20,094 non-overlapping 4.55-h-long subintervals and each subinterval is analyzed separately. A 4.55-h subinterval consists of 256 measurements separated by 64 s, which is the time resolution of the SWEPAM plasma instrument on ACE. Since 256 is a power of 2, using data records that are 256 points long makes for efficient and accurate (no leakage) Fourier transforms. The subinterval length of 4.55 h is comparable to the correlation time of the solar wind magnetic field fluctuations, which is 0.7-4 h [Matthaeus and Goldstein, 1982; Tu and Marsch, 1995b; Matthaeus et al., 1999; Feynman et al., 1996; Wicks et al., 2010] , and shorter than the correlation time for the solar wind velocity fluctuations [Matthaeus and Goldstein, 1982; Wicks et al., 2010] . The 4.55 h is somewhat shorter than the 5-40 h autocorrelation times for the properties of the solar wind plasma [cf. Borovsky et al., 1998, Figure 6; Borovsky and Funsten, 2003a, Figure 12] and also shorter than the 27-h autocorrelation time of the coronal-hole versus non-coronal-hole typing of the wind (cf. section 5.4) so that the individual Fourier transforms do not tend to contain mixtures of fluctuations from different plasmas. As will be seen in section 5 the 4.55 h is somewhat shorter than the 10-40 h correlation time for the amplitude of the solar wind fluctuations, so the individual Fourier transforms tend not to mix measurements from different realizations of the solar wind fluctuations [cf. Borovsky et al., 1997, section 2.2] .
[11] Data dropouts in the ACE magnetic field and plasma measurements are replaced by linear interpolation across the data gap. A record is kept of which subintervals have magnetic field-data replacements and which subintervals have plasma-data replacements. If 20 or more data points in a 256-point subinterval need to be replaced by interpolation, that subinterval is not analyzed. Eliminating subintervals with 20 or more missing data points leaves 15,472 subintervals analyzed for the velocity fluctuations and 20,076 data intervals analyzed for magnetic field fluctuations.
[12] Each data subinterval is detrended prior to analysis. The detrending of the time-dependent data f(t) is done by subtracting a line from f(t) where the line goes through the endpoints f(t min ) and f(t max ) of the subinterval; the line is f(t min ) + (t À t min )(f(t max ) À f(t min )). The detrending eliminates the jump in the data when the ends of the subinterval are joined by the assumption of periodicity in the Fourier analysis. (Cf. Fougere [1985] where the technique is called "end matching.") In Appendix B the analysis of the ACE data using linear detrending is compared with analysis using tapering windows: both methods yield very similar results but the tapering windows weaken the signal to noise in the Fourier spectra and increase the statistical error of ensemble averages.
[13] Each data subinterval is analyzed separately with an automated algorithm and the resulting parameters for the ensemble of subintervals are then statistically analyzed. Also, ensemble-averaged spectra are created and analyzed.
[14] To obtain power spectral densities (PSDs) of the detrended turbulent fluctuations, standard fast-Fouriertransform (FFT) methods (periodograms) are used [Cooley and Tukey, 1965; Otnes and Enochson, 1972] . The data in each subinterval is detrended by subtracting a line; no windowing or band-pass filtering is used prior to analysis (see the analysis of Appendix B on this issue). Spectral indices for each data subinterval are obtained by taking the slopes of lines fit to the PSDs via least squares linear regression in log 10 (PSD)-versus-log 10 (f) space. The least squares fitting methods are analyzed in Appendix A.
[15] In this report, most of the analysis will be focused on the frequency range 4.3 Â 10 À4 -1.9 Â 10 À3 Hz: this range is in the lower-frequency portion of the inertial subrange of the solar wind. The lower limit 4.3 Â 10 À4 Hz (39 min) of this frequency range is chosen to be shorter than the reported correlation times of the solar wind fluctuations, which are 0.7-4 h [Matthaeus and Goldstein, 1982; Tu and Marsch, 1995b; Matthaeus et al., 1999; Feynman et al., 1996] . The upper limit 1.9 Â 10 À3 Hz (8.5 min) of this frequency range is chosen to stay a factor of 4 away from the Nyquist frequency of the data, which for 64-s data resolution is 7.8 Â 10 À3 Hz. Note that in the fast wind at 1 AU the roll-over in the magnetic field spectrum between the Kolmogorov-like power law and the 1/f-like power law can be in the vicinity of 10 À3 Hz [cf. Roberts, 2010, Figure 4] , which is within the spectral window analyzed here. In section 4 some turbulence spectra will also be analyzed over the range 1.8 Â 10 À4 -3.9 Â 10 À3 Hz, which will encroach further on both the correlation time and on the Nyquist frequency.
[16] For each subinterval, the plasma type is categorized as coronal-hole origin, non-coronal-hole origin, ejecta, or unspecified. Using the formulas given by Zhao et al. [2009, (48.7%), 4089 assigned as "non-coronal-hole-origin wind" (43.2%), and 763 assigned as "CME" (8.1%). These fractions are entered into the top row of Table 1 .
Current Sheets in the Solar Wind
[17] In addition to the turbulent fluctuations, sudden strong jumps in the magnetic field direction and/or magnetic field strength are found in the solar wind. It is not known whether these current sheets are part of the turbulence [e.g., Greco et al., 2010] or something additional [e.g., Borovsky and Denton, 2011] (cf. section 6.4). The strong current sheets take the forms of rotational discontinuities or tangential discontinuities [Burlaga, 1968; Turner and Siscoe, 1971] . Older analyses using the minimum-varianceanalysis technique estimated that rotational discontinuities were more common than tangential discontinuities [Mariani et al., 1973 [Mariani et al., , 1983 Neugebauer et al., 1984; Neugebauer and Alexander, 1991; Tsurutani and Ho, 1999] , although the minimum-variance-analysis technique is problematic [Hausman et al., 2004] ; more-recent analyses find that the solar wind discontinuities are predominantly tangential discontinuities [Horbury et al., 2001; Knetter et al., 2003 Knetter et al., , 2004 Riazantseva et al. 2005a Riazantseva et al. , 2005b Burlaga, 1971] . Strong current sheets are often accompanied by changes in the solar wind plasma properties [Burlaga, 1969; Riazantseva et al., 2005a; Borovsky, 2008 Borovsky, , 2010b Borovsky, , 2012a , indicating that the current sheets can be boundaries between different parcels of plasma. The current sheets are usually accompanied by strong flow shear [Borovsky, 2008 [Borovsky, , 2012b . The measured thicknesses of strong (large-rotation-angle) current sheets in the solar wind at 1 AU vary from 10 3 -10 5 km [Siscoe et al., 1968; Vasquez et al., 2007] , which are in the MHD range of scale size factors of 10-100 times larger than the ion-inertial length in the solar wind.
[18] High-time-resolution measurements indicate that there are two populations of discontinuities [Vasquez et al., 2007; Neugebauer and Giacalone, 2010] : a population of weak discontinuities and a population of strong discontinuities. The population of strong discontinuities is of interest here owing to the contribution that they make to the Fourier spectrum in the inertial subrange of frequencies [Siscoe et al., 1968; Sari and Ness, 1969; Borovsky, 2010a; Miao et al., 2011] . In a Fourier transform of the time series, the magnetic field and velocity jumps of the discontinuities produce strong signals with frequencies corresponding to the waiting times between jumps. (The waiting time between jumps contributes strongly to the persistence in the autocorrelation function and the Fourier transform of the autocorrelation function is the PSD.) The time interval between the passages of subsequent strong solar wind discontinuities varies from seconds to hours [e.g., Siscoe et al., 1968; Burlaga, 1969; Borovsky, 2008] .
[19] Current sheets are strong contributors to the intermittency of the solar wind magnetic field and velocity time series [cf. Veltri, 1999; Bruno et al., 2001; Mangeney et al., 2001; Pallocchia et al., 2002] . Li et al. [2011] have argued that the presence of current sheets transforms magnetic field spectra from the Kraichnan k À3/2 range to the Kolmogorov k À5/3 range. Borovsky and Denton [2010] found that the strong current sheets make a significant contribution to the Alfvénicity of the solar wind.
[20] For these reasons, information will be gathered about the presence or absence of strong current sheets in the data subintervals analyzed in this study. Strong current sheets in the solar wind are found by looking for rapid, large changes in the direction of the magnetic field. To mark strong current sheets in the solar wind in the ACE data set, the direction of the magnetic field vector is noted every 64 s and if the angular change Dq of the vector is greater than 45 in 128 s a current sheet is tallied. (This criterion is similar to those used by Burlaga et al. [1977] and by Tsurutani and Smith [1979] to gather their collections of solar wind discontinuities.) A mathematical assessment of this method of identifying current sheets can be found in Li [2007 Li [ , 2008 (see also Li et al. [2008] and Miao et al. [2011] ). To avoid counting multiple discontinuities separately, if directional discontinuities are less than 3 min apart they are counted as one discontinuity (as in Tsurutani and Smith [1979] ).
[21] A parameter of particular interest is N d , the number of strong (Dq > 45 ) current sheets in a 4.55-h subinterval of solar wind data. Times when N d = 0 are of particular interest since they offer an opportunity to analyze solar wind fluctuations that are not dominated by the strong spectral signal of the discontinuities. However, times when N d has a low value are statistically associated with slow wind with an overemphasis on ejecta. As noted in Table 1 , for all of the 4.55-h data subintervals that are typed with the O 7+ /O 6+ charge-state ratio 43.2% are non-coronal-hole origin, 48.7% are coronal-hole origin, and 8.1% are CME whereas for the N d = 0 data subintervals 63.1% are non-coronal-hole origin, 10.4% are coronal-hole origin, and 26.5% are CME. The CME to non-coronal-hole ratio for all intervals (row 1) is 1/5.3 whereas the CME to non-coronal-hole ratio for the N d = 0 intervals (row 2) is 1/2.4, an emphasis on ejecta.
[22] In Table 2 the Pearson's linear correlation coefficient R corr (the covariance divided by the standard deviations [cf. Bevington and Robinson, 1992, equation (11.17) ]) between various solar wind parameters are calculated and collected for the 1998-2008 ACE data set. The plasma properties are averages over the 4.55 h of each subinterval. As can be seen v sw and T p are strongly positively correlated with each other and those three parameters are anticorrelated with n. The quantities n and B are positively correlated with each other. The positive correlations between v sw and T p are well known [e.g., Lopez, 1987; Richardson and Cane, 1995; Elliott et al., 2005; Borovsky and Steinberg, 2006a] ; the anticorrelation between n and v sw (or T p ) has been discussed [e.g., Burlaga and Ogilvie, 1970; Zank et al., 1990] ; and the positive correlation between n and B has been explained [Malara et al., 1997] . As seen in Table 2 , the logarithms of the proton specific entropy log(S p ) and the alpha-particle specific entropy log(S a ) (where S = T/n 2/3 [cf. Schindler and Birn, 1978] [Pagel et al., 2004] .
[23] Table 2 contains the linear correlation coefficients R corr between the number of strong current sheets per data subinterval N d and various properties of the solar wind plasma. As can be seen, N d increases as the wind velocity v sw and proton temperature T p increase. The positive correlation of N d with v sw has been noted previously [e.g., Borovsky, 2008; Borovsky and Denton, 2010] . N d is also positively correlated with S p and b p : these correlations are consistent with low numbers of strong current sheets occurring in ejecta plasmas. N d is strongly negatively correlated with the chargestate ratios C 6+ /C 5+ and O 7+ /O 6+ : these correlations are consistent with low numbers of strong current sheets occurring in non-coronal-hole plasmas. These systematic variations of the number of strong current sheets in the solar wind with the parameters of the solar wind will complicate any analysis of solar wind turbulence as functions of the type of wind or as functions of the parameters of the solar wind.
Spectral Indices
[24] For each of the 256-point data subintervals, fast Fourier transforms are applied to the parameters v r , v t , v n , B r , B t , B n , b r , b t , and b n . The power-spectral density (periodogram) P of each subinterval is obtained from the fast-Fourier transform FFT via P(v) = 2Dt/N{ [FFT(v r Otnes and Enochson, 1972, equation (5.6) ], where Dt = 64 s is the data time resolution and N = 256 is the number of data points in a Fourier transform. For the power spectral densities P(f), least squares linear-regression fits in log 10 (P) versus log 10 (f) are made in the frequency range 4.3 Â 10 À4 Hz ≤ f ≤ 1.9 Â 10 À3 Hz and the spectral slopes dlog 10 (P)/dlog 10 (f) of the fits are recorded.
General Statistics and Solar-Cycle Dependence of the Spectral Indices
[25] In Figure 2 the spectral index of the magnetic field B power spectral density (blue points) and of the velocity v power spectral density (red points) are plotted as a function of time for 10.5 years. 54-day running averages of the v and B spectral indices are shown along with a 54-day running average of the total-energy E spectral indices; this 54-day average is twice the 27-day solar rotation. Notice that the spectral index of the velocity is consistently lower in magnitude (shallower) than the spectral index of the magnetic field, and notice that the spectral index for the total energy is Figure 2 . For the years 1998-2008 the spectral indices of the velocity (blue points) and magnetic field (red points) are plotted as functions of time. Each pair of points is from one 4.55-h subinterval of ACE measurements. 13.5-day running averages of the spectral indices of the velocity (dark blue), the magnetic field (dark red), and the total energy (black) are also plotted. 
between the two. For the v and B spectral indices, the mean values of À1.41 and À1.62 are denoted with horizontal black dashed lines. A slight solar-cycle dependence of the magnetic field spectral index can be seen in Figure 2 where the index is shallower than average in the year 2003 and steeper than average in the years 2007 and 2008. The year 2003 had robust high-speed streams at ACE [Tripathi et al., 2007] and the years 2007 and 2008 had weaker (lower velocity) high-speed streams at ACE .
[26] The spectral indices of the magnetic field B power spectral density and the velocity v power spectral density are binned for the 1998-2008 ACE measurements and their occurrence distributions are plotted in Figure 3 (top) . Also shown is the occurrence distribution of the spectral index of the power spectral density of b = B/(4pnm i ) 1/2 . The shapes of the occurrence distributions are similar, but the velocity spectral index is systematically shallower than the magnetic field spectral index. The ensemble of the magnetic field B spectral indices yields À1.62 AE 0.49 (mean AE standard deviation), the ensemble of the magnetic field b spectral indices yields À1.62 AE 0.39, and the ensemble of the velocity v spectral indices yields À1.41 AE 0.39. These spectral-index values are entered into Table 3 . There is a strong positive correlation between the spectral index of b and the spectral index of v (R corr = +0.45); when the index of v is steeper than average the index of b tends to be steeper than average, etc.
[27] It has been pointed out to the author (A. Roberts, personal communication, 2012 ) that the spectral index of the magnetic field may be too shallow owing to the spectral range chosen for the fits, wherein the spectral breakpoint encroaches in the fitting range for fast wind. A magnetic field spectral index close to À1.66 might be expected.
[28] To underpin the statistical analysis of ensembles of spectra, mathematical experiments are performed in Appendix A to mimic and statistically analyze the ACE spectra with inherent variance errors. It is concluded in Appendix A that (1) the mean value of the ensemble of spectral indices is the most-accurate value of the spectral index underlying the "variance error" in the periodograms, (2) the value of the mean spectral index is known much more accurately than the standard deviation of the ensemble of spectral indices, and (3) any attempt to improve the statistical measurement of the spectral index by selecting only fits to the spectra that have high correlation coefficients would be misguided and will yield the wrong answer.
[29] In Figure 3 (bottom) the difference in spectral slopes between v and b in each 4.55-h subinterval is binned. The median value of the difference in spectral indices is 0.21. Velocity spectra flatter than magnetic field spectra in the solar wind at 1 AU have been found by Podesta et al. [2007] and Salem et al. [2009] using measurements from the WIND spacecraft and by Tessein et al. [2009] and Borovsky and Denton [2010] using measurements from ACE. A difference in spectral slopes between v and b could be deduced from the frequency-dependent Alfvén ratio of the solar wind turbulence plotted [e.g., Tu et al., 1989b, Figure 11; Marsch and Tu, 1990, Figure 7] . Velocity spectra that are shallower than the magnetic field spectra have been reported for the fluctuations of the solar wind in the inner heliosphere from Helios measurements [cf. Grappin et al., 1991, Figure 6b] and Roberts [2010] has found different rates of radial evolution for the velocity spectra and magnetic field spectra using Helios and ULYSSES measurements. Velocity spectra that are consistently shallower than magnetic field spectra have also been observed by the ISEE-2 spacecraft for the MHD turbulence in the Earth's plasma sheet [Borovsky et al., 1997; Borovsky and Funsten, 2003b] . Velocity spectra that are shallower than the magnetic field spectra can also be found in some computer simulations of MHD turbulence [e.g., Biskamp and Muller, 2000, Figure 10; Müller and Grappin, 2005, Figure 1; Boldyrev et al., 2011, Figures 1 and 2] .
[30] As a check on the values of the spectral indices and the systematic difference between them, fits to the spectra over a broader range of frequency are made. The solid curves in Figure 4 are the binned spectral indices of v and B obtained by fitting the PSDs over the standard range f = 4.3 Â 10 À4 -1.9 Â 10 À3 Hz: the dashed curves in Figure 4 are the binned spectral indices of v and B obtained by fitting the PSDs over the broader range f = 2.1 Â 10 À4 -3.8 Â 10 À3 Hz. Note that the high-frequency limit 3.8 Â 10 À3 Hz of this broader frequency range is only a factor of 2 away from the Nyquist frequency of the 64-s-resolution ACE merged data. One should worry about noise with frequencies near and above the sampling frequency being aliased and adding power to portions of the Fourier transform with frequencies below the Nyquist frequency. For our particular case, the following three facts act in favor of reducing the amount of aliased power near the Nyquist frequency. (1) The amplitude of the Fourier components of the fluctuations in the solar wind are decreasing with increasing frequency, so higher-frequency fluctuations that could be aliased to lower frequencies are anticipated to be of smaller amplitudes. (2) The 64-s ACE magnetometer data set is created by temporally averaging higher-time-resolution magnetic field measurements, hence modes with frequencies higher than 1/64 Hz are very strongly suppressed in the data set. (3) The 64-s SWEPAM velocity measurements used to make the ACE data set are each obtained from a proton distribution function which typically requires approximately 26 s of energy-spin sweeping to capture, followed by 38 s wherein no proton data is collected; hence there is partial averaging which will partially suppress modes with frequencies higher than the Nyquist frequency. For point (3), the amount of suppression depends on whether the beam of solar wind protons is (1) aligned with the ACEspacecraft spin axis or (2) off axis; there is more averaging and more suppression when the solar wind is axially aligned. As can be seen in Figure 4 , the mean values of the distributions of slopes are approximately the same for the narrow (solid) and broad (dashed) ranges of frequencies, but the spread is reduced for the longer-frequency-interval fits. The wider-range spectral fits re-confirm that the velocity spectra are shallower than the magnetic field spectra and that there is a more-statistically significant difference between the spectral indices of v and B. Note that the width of the magnetic field distribution for the larger frequency range (dashed blue curve) in Figure 4 is comparable to the width of the distribution obtained by Smith et al. [2006] : the width in Figure 4 is AE0.20 with a fit that is 1.25 orders of magnitude in frequency range and the width in Figure 2 of Smith et al. [2006] is AE0.14 with a fit that is 1.1 orders of magnitude in frequency.
[31] An important quantity is the spectral index of the total energy in the fluctuations: dE = m i ndv 2 /2 + dB 2 /8p [cf. Tu À4 -3.9 Â 10 À3 Hz are binned (dashed curves). The means and standard deviations of the spectral indices for each distribution are indicated on the figure. and Marsch, 1995a, equations (2.15 ) and (2.18)]. In Figure 5 the distribution of spectral indices for the total energy of each 4.55-h subinterval is binned (black curve) [see also Tessein et al., 2009, Figure 3] . The distribution of measured spectral indices is described (mean AE standard deviation) by À1.52 AE 0.39. For comparison the distributions of velocity v spectral indices (blue) and magnetic field B spectral indices (red) are also displayed. The values are entered into Table 3 .
[32] The reader is reminded that the analysis of Appendix A concludes that the statistical mean value of the ensemble of spectral indices is the value to take.
[33] A check on the accuracy of the average of the ensemble of spectral-index measurements is to compare the ensemble of spectral indices with the spectral index of an ensemble-averaged spectrum [cf. Welch, 1967] . In Figure 6 ensemble-averaged spectra for v, B, b, and E are plotted. The v, b, and E spectra are each the average of 15,472 PSDs and the B spectrum is the average of 20,076 spectra, all from sequential non-overlapping data intervals. Each of the four ensemble-averaged spectra in Figure 6 is fit with a log-log linear regression in the frequency range 4.3 Â 10 À4 Hz ≤ f ≤ 1.9 Â 10 À3 Hz and the spectral indices are noted in the figure. These values are collected into Table 3 . As can be seen in the table, the spectral indices of the four ensembleaveraged spectra for v, B, b, and E are very close to the mean values of the ensemble of spectral indices from the thousands of individual spectra.
[34] Another check on the accuracy of the index is to compare the ensemble-averaged spectrum (and its index) with a single Fourier transform of the entire time series data set. Since the ACE velocity data set contains large regions of data dropout, making the single large Fourier transform is only practical for the magnetic field B. Picking the largest power-of-2 number of data points in the data set ( 2 22 ), the trace-B power spectral density for ACE measurements from 1998 to 2006 is calculated and plotted in Figure 7 as the black curve [see also Borovsky, 2010a] . Note that this single For the entire 1998-2008 ACE data set, the spectrum from each 4.55-h data subinterval is calculated and the spectra are summed together to produce ensemble-average spectra. For v, B, b, and E those ensemble-averaged spectra are plotted.
Fourier transform extends to very low frequencies. For frequencies f > 2 Â 10 À6 Hz a 300-point running average of the spectrum is plotted as the green points. For the comparison, an ensemble spectrum is created by summing the 16,383 trace-B power spectral densities for the 4.55-h subintervals from the same 1998-2006 time interval: this ensembleaveraged spectrum is plotted as the red points in Figure 7 . As can be seen, the shape of the ensemble of spectra (red) is very similar to the shape of the single spectrum (green). In the frequency range 4.3 Â 10 À4 Hz ≤ f ≤ 1.9 Â 10 À3 Hz the single trace-B spectrum (black points) is fit by a log-log linear regression with a spectral index À1.61 and the ensemble-averaged spectrum is fit by a spectral index À1.60. (These values are entered into Table 3 .) The two spectral indices are very close, providing a check on the accuracy of the mean of the ensemble of spectral indices.
[35] Note in Figure 7 that the red and green curves show noticeable downward deviations from power laws at frequencies above 1/4 times the Nyquist frequency (above 2.0 Â 10 À3 Hz). This downward deviation is owed to the attenuation of Fourier components by the 64-s averaging of the magnetic field measurements to produce the 64-s time resolution data. At the Nyquist frequency Fourier components are attenuated by a factor of 0.635; in the power spectral density (the square of the Fourier transform) the amplitude attenuation is 0.403, which is approximately the factor by which the red and green curves deviate from a power law in Figure 7 .
[36] The spectral indices of the Elsasser-variable PSDs are examined in Figure The sum m out + m in for each subinterval is also binned [cf. Grappin et al., 1983] . Consistent with previous reports for the inertial subrange of solar wind turbulence at 1 AU [e.g., Tu and Marsch, 1990] , the spectral index m in of z in is slightly shallower (mean value À1.47) then the spectral index m out of z out (mean value À1.58).
Dependence of Spectral Indices on Solar Wind Parameters
[37] In Figure 9 a 1-day running average of the spectral index of the magnetic field B is plotted in blue (left axis) for the first 100 days of 2007 when clearly identifiable 27-dayrepeating high-speed streams were occurring. Plotted in green (right axis) is the solar wind velocity. Systematic variations in the spectral index of the solar wind magnetic field fluctuations are clearly seen. For the blue spectral-index curve, isolated peaks in the spectral index are marked in the figure with red lower-case roman letters and isolated troughs are labeled with purple lower-case Greek letters. The peaks labeled "a" are each separated by 27-days: hence they can all be identified with the same solar longitude on the rotating Sun. Likewise for the sets of "b," "c," "d," "e," and "f" peaks and "a," "b," "g," "d," and "ɛ" troughs. For the green curve in Figure 9 the isolated peaks are labeled with red upper-case roman letters and the isolated troughs are labeled with purple upper-case Greek letters. The set of "A" velocity peaks matches the set of "a" spectral-index peaks. And the set of "Α" velocity troughs matches the set of "a" spectral-index troughs. Likewise for the "B" ("b") and "C" ("c") peaks and for the "Β" ("b") and "G" ("g") troughs. In Figure 9 the flow-velocity pattern is indicative of various types of solar wind plasma passing the spacecraft: i.e., slow wind, compressed slow wind, compressed fast wind, coronal-hole fast wind, rarefacted coronal-hole wind, etc. The spectral index of the fluctuations changes with the type of wind. The spectral index of the turbulence tends to repeat the value it had 27 days earlier: this is associated with the same type of plasma returning every 27 days, be it the well-known repetition of high-speed streams [Mursula and Zieger, 1996] or the lesser-appreciated repetition of slow wind [cf. Borovsky and Steinberg, 2006b, Figure 20] . Note that the sets of "d," "e," and "f" peaks and "ɛ" troughs in the blue spectral-index curve do not have counterpart peaks or troughs in the green solar wind-velocity curve. Investigation shows that these other peaks and troughs tend to be associated with peaks and troughs in the proton specific entropy of the solar wind plasma, indicating again that a change in the type of solar wind plasma can lead to a change in the spectral index of the solar wind fluctuations.
[38] In Figure 10 (top) the spectral indices of v and B are plotted as functions of the solar wind proton specific entropy S p . The velocity spectral indices for each 4.55-h subinterval are in red and the magnetic field spectral indices are in blue. 400-point running averages of the spectral indices of v, B, and E are plotted in black and labeled. As can be seen, there is systematic variation of the v, B, and E spectral indices with S p : the total energy spectral index is steeper for lowspecific entropy plasma (about À1.6) and shallower for Figure 9 . For 100 days in 2007 a 1-day running average of the spectral index of the magnetic field fluctuations dB (blue; left axis) is plotted along with the speed of the solar wind (green; right axis). 27-day repeating peaks (roman letters) and troughs (Greek letters) in both curves are identified and labeled. For noise-reduction purposes, the spectral indices in this figure are fit over the frequency range 1.8 Â 10 À4 -3.9 Â 10 À3 Hz.
high-specific entropy plasma (about À1.4). In Figure 10 (middle) the spectral indices are plotted as functions of the carbon charge-state ratio C 6+ /C 5+ of the solar wind. The running averages show systematic trends with the spectral indices shallower for lower ratios of C 6+ /C 5+ . In Figure 10 (bottom) the spectral indices are plotted as functions of N d , the number of strong current sheets in a subinterval. A random number between 0.0 and 1.0 has been added to N d in the plot to spread the data points off the integer values. As seen by the running averages, the total-energy spectral index is shallower (about À1.4) for large N d and steeper (about À1.55) for small N d . Note in all three panels of Figure 10 that the magnetic field spectral index varies more than the velocity spectral index does: this was also reported by Borovsky and Denton [2010] in the transition between slow wind and fast wind across CIRs and by Podesta and Borovsky [2010] . Note that some of the variation in the B spectral index could be owed to the movement of the spectral breakpoint into the range of frequencies fitted (A. Roberts, private communication, 2012) .
[39] The difference between the spectral index of v and the spectral index of B is plotted as a function of S p ( Figure 12 ]. Again, this behavior could in part be caused by movement of the magnetic field spectral breakpoint.
[40] In Table 4 the value of Pearson's linear-correlation coefficient R corr between the spectral indices of v, B, b, and E and the properties of the solar wind plasma and the amplitude of the fluctuations in the solar wind. Also included are the difference between the spectral indices of v and b and the spectral indices of the Elsasser variables z out and z in . The individual correlation coefficients vary, but general trends are that the spectral indices are positively correlated with the solar wind speed v sw , the proton temperature T p , the proton and alpha-particle specific entropies S p and S a , and with N d . The spectral indices tend to be anticorrelated with the solar wind number density n, magnetic field strength B, the charge-state ratios C 6+ /C 5+ and O 7+ /O 6+ , and the Fe/O density ratio. In Table 4 the two plasma parameters that have the strongest correlations with the values of the spectral indices are log(S p ) and log(C 6+ /C 5+ ), both of which are indicators of the type of plasma. Correlation coefficients between the spectral slopes and the fluctuation amplitudes are also 
Spectral Indices and the Type of Solar Wind
[41] In the first three columns of Table 5 the median values of the spectral indices of v, B, b, E, z out , and z in of the solar wind are collected as functions of the three types of wind, using the Zhao et al. [2009] method to categorize the wind type. The coronal-hole-origin wind and non-coronalhole-origin (streamer-belt) wind show the well-known fastwind and slow-wind tendencies [cf. Tu and Marsch, 1995a; Bruno et al., 2007; Tessein et al., 2009; Borovsky and Denton, 2010] with the spectral indices all being statistically shallower for coronal-hole wind. (Yordanova et al. [2009] examined 10 intervals of magnetic field measurements on Ulysses between 1.4 and 5 AU from the Sun wherein the O 7+ /O 6+ charge-state ratio was used to differentiate "fast streams" from "slow streams": spectral indices similar to those in row 2 of Table 5 were observed.) For CME wind, the spectral indices in Table 5 are steep, sometimes steeper than those of non-coronal-hole wind. Note for CME wind (with perhaps both magnetic foot points on the Sun) the similarity in the spectral indices of z out and z in in Table 5 .
[42] In the third and fourth columns of Table 5 the median values of the spectral indices are collected for slow wind (v < 450 km/s) and for fast wind (v > 550 km/s). As can be seen by comparing with columns 1 and 2, the slow wind and non-coronal-hole-origin plasma have similar statistics and the fast wind and coronal-hole-origin plasma have similar statistics.
[43] We argue here that the slow-wind fast-wind difference in the spectral indices at 1 AU is not caused so much by the age difference of the wind [cf. Horbury and Schmidt, 1999] , but rather by the coronal-hole versus non-coronalhole origin of the plasma. To test this, we separate wind of similar speed into coronal-hole versus non-coronal-hole collections. Fast wind tends to be of coronal-hole origin, slow wind can be of coronal-hole origin [e.g., Arge and Pizzo, 2000; Wang and Sheeley, 2003; Wang, 2011] or streamer-belt origin [e.g., Habbal et al., 1997; Ofman, 2004; Suess et al., 2009] . Data subintervals with mean solar wind speeds between 375 km/s and 425 km/s are collected and the median values of the spectral indices are displayed in columns 6 and 7 of Table 5 separately for non-coronal-holeorigin plasma and for coronal-hole-origin plasma. For these two collections the spectral indices are steeper for slow noncoronal-hole wind than for slow coronal-hole wind. The spectral indices of slow coronal-hole-origin wind (column 7) resemble more the indices of coronal-hole wind (column 2) than they do of slow wind (column 4), indicating that type of wind is more fundamental than speed (=age) of wind. 
The asterisk is a reminder that T e = 12.9 eV [cf. Skoug et al., 2000 ] is used to calculate b and C s .
Autocorrelation Functions of the Spectral Indices
[44] The temporal autocorrelation functions of the spectral indices of the solar wind fluctuations are explored in Figure 12 . The autocorrelation function A(Dt) of a function f (t) is constructed by first subtracting the average value of the function f o = 〈f(t)〉 to produce a new function
Here f(t) is the spectral index of the fluctuations in the solar wind measured every 4.55 h; thus the time shift Dt is in increments of 4.55 h and R dt is over the entire 11-year 1998-2008 ACE data set. Note that the autocorrelation function is normalized to be unity at Dt = 0. The autocorrelation functions in Figure 12 are corrected for "shot noise" [cf. Borovsky et al., 1997] which can be caused by measurement inaccuracy or by correlations in the data set that are shorter than the 4.55-h resolution. This correction is done by fitting an exponential function to the autocorrelation function in the range Dt = 4.55 h to Dt = 13.65 h (= 3 Â 4.55 h), replacing the autocorrelation function between Dt = 0 and Dt = 4.55 h with an extrapolation of the exponential-fit function and then multiplying the entire autocorrelation function by a constant so that the corrected autocorrelation function is unity at Dt = 0. In Figure 12 (top) the autocorrelation functions of the spectral indices of the trace-v spectrum (red curve), the trace-B spectrum (blue curve), and the total-energy spectrum (black curve) are plotted for time shifts of up to 40 days. Note the decay from unity as the time shift Dt increases from 0 and note also the peaks at 27 days, the solar rotation period. Note that the half width of the Dt = 27-day peak is about equal to the half width of the peak at Dt = 0.
[45] In the second panel of Figure 12 the autocorrelation functions of the spectral indices of v (red), B (blue), and E (black) are plotted for 70 h along with the autocorrelation functions of the spectral indices of the two Elsasser variables z out (purple dashed) and z in (green dashed). All five spectral indices have similar decay rates from unity. The temporal rate of decrease from unity of the autocorrelation function is a measure of the temporal persistence of the function. In Table 6 the autocorrelation times (persistence times) of the five spectral indices are listed, where the autocorrelation times are defined to be the time at which the autocorrelation function decreases to 1/e = 0.367 from unity. Autocorrelation times of 10-30 h are obtained.
[46] In Figure 12 (bottom) the autocorrelation function of several solar wind plasma properties are plotted (colors) for comparison with the autocorrelation functions of the spectral indices of the second panel (all replotted in gray). Note the differences between the autocorrelation function of the solar wind velocity (orange) and those of the spectral indices (gray): because of these differences the temporal variation of the solar wind velocity does not well-describe the temporal variation of the spectral indices. The two plasma properties that had the strongest correlations with the spectral indices were log(S p ) and log(C 6+ /C 5+ ) (see Table 4 ); in Figure 12 (bottom) it is seen that these two quantities (red and blue curves) have similar temporal variations to the spectral indices.
Fluctuation Amplitudes
[47] The amplitude of the magnetic field and velocity fluctuations in each 4.55-h-long data subinterval is determined as follows. First the time series data is Fourier transformed (after detrending with a line). Then all Fourier coefficients with frequencies f < 1 Â 10 À3 Hz (periods > 16.6 min) are zeroed out and an inverse Fourier transform is performed. The RMS fluctuation levels of the Fourierfiltered variables in each 4.55-h data subinterval are then calculated. These RMS amplitudes are taken as measures of the fluctuation amplitude.
General Statistics and Solar-Cycle Dependence of the Fluctuation Amplitudes
[48] In Figure 13 the amplitudes of the velocity fluctuations dv = ((dv r ) 2 + (dv t ) 2 + (dv n ) 2 ) 1/2 (red) and of the magnetic field fluctuations dB = ((dB r ) 2 + (dB t ) 2 + (dB n ) 2 ) The three "shifted" amplitudes are shifted to a median solar wind speed of 500 km/s using a k À1.6 spectrum.
also shown in the figure. As can be seen, dv and dB have similar temporal behavior. For the 1998-2008 ACE data set, dv and dB have a linear correlation coefficient R corr = +0.66.
The mean values of dv and dB are noted in Figure Figure 14 the amplitude of the magnetic field fluctuations is measured three different ways (dB, dB/B, and db) [see also Borovsky, 2006; Borovsky and Steinberg, 2006a] for each 4.55-h subinterval of 1998-2008 and these three amplitudes are plotted as functions of the velocity amplitude in each subinterval. The linear correlation coefficients R corr are indicated in the figure. As can be seen, db has the highest correlation coefficient with dv: R corr = +0.95 [see also Borovsky and Steinberg, 2006a; Borovsky, 2006] . This high correlation coefficient holds also when only N d = 0 subintervals are used. Taking a least squares linear-regression fit of db as a function of dv and another linear-regression fit of dv as a function of db and logarithmically averaging the slopes from The autocorrelation times are obtained from the 1/e method using autocorrelation functions that are corrected for shot noise. [50] In Figure 15 (top) the amplitudes dv and db of the fluctuations in each 4.55-h subinterval are binned for the 1998-2008 ACE data set. The median values of the distributions are 8.1 km/sec for dv and 11.1 km/sec for db. The distributions of dv and db are approximately lognormal (i.e., the distributions of log(dv) and log(db) are approximately Gaussian). In Figure 15 (bottom) the amplitudes dz out and dz in of the two Elsasser variables are binned. As can be seen, the outward Elsasser fluctuations dominate over the inward fluctuations with the median values of dz out and dz in being 17.7 km/s and 9.4 km/s, respectively.
[51] In Figure 16 (top) the Alfvén ratio r A = (dv/db) 2 of the fluctuations is binned for the subintervals of 1998-2008; the solid black curve is for all subintervals and the dashed green curve is for the N d = 0 subintervals (no strong current sheets). As can be seen, r A is typically less than unity; i.e., dv is typically smaller than db [cf. Tu and Marsch, 1995a, section 2.4.5] . The median value of r A is 0.58 for f ≥ 1 Â 10 À3 Hz for all subintervals and 0.57 for N d = 0 subintervals.
[52] In Figure 16 (bottom) the amplitude ratio dz out /dz in is binned for the data subintervals of 1998-2008; the solid curve is for all subintervals and the dashed curves are for various N d -value subsets of the subintervals. The ratio dz out / dz in is a measure of the outward-inward imbalance of the solar wind fluctuations and is related to the cross helicity [Roberts et al., 1987; Podesta and Borovsky, 2010] . The solid black curve for all data shows the typical dominance of outward signal in the solar wind fluctuations [cf. Tu and Marsch, 1995a, section 2.4.3] . The green curve shows that in N d = 0 subintervals the imbalance is only slight (median = 1.27). Examining the green (N d = 0), blue (3 ≤ N d ≤ 5), and red (N d > 5) dashed curves, the greater the number of strong current sheets in a subinterval the stronger the outward imbalance. Historically it has been known that solar wind current sheets are highly Alfvénic [Denskat and Burlaga, 1977; Vasquez et al., 2007] with v-versus-B vector correlations that look like outward propagation [Neugebauer et al., 1984 [Neugebauer et al., , 1986 Neugebauer, 1985] . In the plasma between the strong current sheets, the degree of imbalance may be modest [cf. Borovsky and Denton, 2010, Figure 12 ]. 
Dependence of the Fluctuation Amplitudes on Solar Wind Parameters
[53] In Figure 17 the Alfvén ratio r A = (dv/db) 2 is plotted as a function of the outward-inward Elsasser ratio dz out /dz in in that subinterval: the black points are individual values for each 4.55-h subinterval and the red points are a 400-point logarithmic running average of the black points. A strong relation between the r A and dz out /dz in is seen (cf. Tu et al. [1989a] at 0.3 AU). When dz out /dz in = 1 (when there is balance) there is a minimum to r A (a minimum of dv/db) and when dz out /dz in decreases or increases away from unity (i.e., when there is increasing imbalance) the Alfvén ratio increases toward unity. Hence, when there is balance the magnetic field fluctuations dominate in amplitude over the velocity fluctuations and when there is strong imbalance fluctuations are Alfvénic. The linear correlation coefficient between log(r A ) and log(dz out /dz in ) is R corr = +0.43 for the 1998-2008 ACE data set. A measure of the net imbalance (regardless of inward or outward dominance) is |log(dz out / dz in )|: the linear correlation coefficient between log(r A ) and |log(dz out /dz in )| is R corr = +0.57.
[54] In Table 7 the linear correlation coefficients between log(r A ), log(dz out /dz in ) and |log(dz out /dz in )| and various solar wind parameters are collected for the 1998-2008 ACE data set. As can be seen, variations in the degree of imbalance |log(dz out /dz in )| are more correlated with variations in solar wind parameters than are variations in log(r A ). The correlations of log(dz out /dz in ) and |log(dz out /dz in )| are positive with v sw , T p , and N d and quantities related (C s , S p , and S a ) and The outward-inward Elsasser ratio dz out /dz in is binned for the subintervals of 1998-2008; the black solid curve is for all subintervals, the green curve is for the directional-discontinuity-free (N d = 0) subintervals, the blue curve is for subintervals containing 3, 4, or 5 discontinuities, and the red curve is for subintervals containing 5 or more discontinuities. All amplitudes are measured in the frequency band f ≥ 1 Â 10 À3 Hz. Figure 18 (top) the outward-inward Elsasser ratio dz out /dz in of each 4.55-h-long data subinterval is plotted (black points) as a function of the proton specific entropy of the solar wind S p averaged over that 4.55-h subinterval. The linear correlation coefficient between log(dz out /dz in ) and log (S p ) is R corr = +0.46. To discern the trend in the black points, a 400-point running average of log(dz out /dz in ) is plotted in red. As can be seen, there is a clear trend of dz out /dz in increasing with increasing S p : solar wind plasma with higher specific entropy is more imbalanced (with outward dominance). In Figure 18 (middle) dz out /dz in is plotted as a function of the C 6+ /C 5+ charge-state ratio. As can be seen from the red 400-point running average, the imbalance (with outward dominance) increases as the charge-state ratio C 6+ / C 5+ decreases. In Figure 18 (bottom) the outward-inward Elsasser ratio dz out /dz in of each 4.55-h-long subinterval is plotted (black points) as a function of the number of strong current sheets N d in that subinterval. Random numbers between 0.0 and +1.0 have been added to the integer number of strong current sheets per subinterval to spread the points in the plot to make their distribution visible. A 400-point running average is plotted in red to show the trend underlying the black points. As can be seen from the red curve, the imbalance (with outward dominance) increases as the number of strong current sheets per subinterval increases. This agrees with the finding of Borovsky and Denton [2010] that the Alfvénicity of strong discontinuities is higher than the Alfvénicity of the plasma between the discontinuities. Note in Figure 18 (bottom), for N d ≈ 0 the fluctuations are nearly balanced.
[56] In Figure 19 (top) the amplitudes dv and db of the fluctuations in each 4.55-h-long data subinterval are plotted as functions of the average solar wind velocity v sw during each 4.55-h subinterval. As can be seen, the amplitude of the fluctuations is strongly correlated with the solar wind velocity: for dv the correlation coefficient with v sw is R corr = +0.68, for db it is R corr = +0.68, and for dB (not plotted) it is R corr = +0.35. As can be seen from the dark-red and black running averages, the mean value of the fluctuation amplitude increases by a factor of 5 or more as the wind velocity increases by a factor of 2.75. (Cf. section 5.3 for a discussion of this.)
[57] In Figure 19 (bottom) the amplitudes dv (red) and db ( [58] In Table 8 the linear correlation coefficients between various measures of the fluctuation amplitudes and various properties of the solar wind are displayed. The various measures used are the amplitudes of the fluctuations (dv, dB, db, and dE = 0.5nm i dv 2 + dB 2 /8p), the amplitudes of the Elsasser-variable fluctuations (dz out and dz in ), and the normalized amplitudes of the fluctuations (dv/v A , dB/B, and dE8p/B 2 ). As can be seen in the table, there are mixed patterns to the correlations. The basic fluctuation amplitudes dv and db are strongly positively correlated with v sw , T p , log(S p ), log(S a ), and N d and anticorrelated with n, log(S p ), log(S a ), and Fe/O. The correlations of dv and db are particularly strong with the proton temperature T p and with related quantities (C s and log(S p )). All fluctuation amplitudes are strongly positively correlated with N d , particularly the normalized amplitudes with correlations exceeding 90%. Besides N d , the plasma property that has the strongest correlation with the normalized amplitudes is log(C 6+ /C 5+ ). 
The asterisk is a reminder that T e = 12.9 eV is used to calculate b and C s .
BOROVSKY: FLUCTUATIONS OF THE SOLAR WIND A05104 A05104
Dependence of the Fluctuation Amplitudes on the Type of Wind
[59] In Table 5 the median values of the normalized amplitudes dv/v A , dB/B, and dE8p/B 2 are shown for the three types of plasma, using the Zhao et al. [2009] method to categorize the wind. The normalized amplitudes are also shown for slow and fast wind and for wind in the restricted speed range 375-425 km/s for the coronal-hole-origin and non-coronal-hole-origin classifications. Before examining these amplitude values, the reader should realize that the fluctuation amplitude measured in frequency space depends on the amplitude of fluctuations in the wind, on the speed of the wind sweeping spatial fluctuations past the spacecraft, and on the steepness of the spectrum. In two parcels of wind with the same amplitude of fluctuations, a larger fluctuation amplitude will be measured in the faster parcel owing to the Doppler shift of the frequency measurement into lowerwave number portions of the spectrum. Hence, systematic variations in the amplitudes of the MHD fluctuations between different types of wind are complicated by systematic differences in the speeds of the different types of wind. To take out some of this Doppler shift, the amplitudes dv/v A , dB/B, and dE8p/B 2 are each shifted to a solar wind velocity of 500 km/s using the median value of v r with the factor F = (v r /500) À1.6 , which approximates the fluctuation spectrum as k À1.6 in the Doppler shifting. To perform the shift, the median amplitude dE8p/B 2 is multiplied by F and the median amplitudes dv/v A and dB/B are multiplied by F 1/2 . The comparison of the different types of wind are then made with the "shifted" median amplitudes in Table 5 . As can be seen in the first three columns, the shifted amplitudes are statistically larger by 10s of per cent in wind of coronal-hole origin than they are in non-coronal-hole-origin wind, and the normalized amplitudes in CME wind is substantially lower than both. The amplitudes dv/v A , dB/B, and dE8p/B 2 are statistically similar for non-coronal-hole-origin plasma (column 1) and slow wind (column 4) and for coronal-holeorigin plasma (column 2) and fast wind (column 5).
[60] Breaking slow solar wind (375-425 km/s) into wind of coronal-hole origin versus non-coronal-hole origin in columns 6 and 7 of Table 5 , it is seen that the shifted amplitudes for coronal-hole slow wind (column 7) are moresimilar statistically to the shifted amplitudes for coronal-hole wind in general (column 2) than they are to the amplitudes for non-coronal-hole slow wind (column 6). This emphasizes that the difference between slow wind and fast wind is Figure 18 . (top) The outward-inward Elsasser ratio of each 4.55-h-long subinterval is plotted (black points) as a function of the proton specific entropy of the solar wind S p averaged over the 4.55-h subinterval. The amplitudes going into the Elsasser ratio are measured in the frequency range f ≥ 1 Â 10 À3 Hz. A 400-point logarithmic running average of the black points is plotted in red. (middle) The outward-inward Elsasser ratio (black points) and a 400-point logarithmic running average (red points) are plotted as functions of the alpha-particle specific entropy of the solar wind S a . (bottom) The outward-inward Elsasser ratio (black points) and a 400-point logarithmic running average (red points) are plotted as functions of the number of directional discontinuities (current sheets) per subinterval N d . not so much the speed or age of the wind, but rather the difference between coronal-hole-origin plasma (which tends to be fast) versus non-coronal-hole-origin plasma (which tends to be slow).
[61] In Table 5 the median values of the Alfvén ratio r A and the outward-inward imbalance of the fluctuations dz out /d z in are displayed for the three types of plasma. Note that these ratios of amplitudes do not suffer from the velocitydependent Doppler shift described above since the numerator and denominator have the same Doppler variation. The coronal-hole versus non-coronal-hole-origin plasmas show the well-known fast-versus-slow trends [e.g., Belcher and Davis, 1971; Belcher and Solodyna, 1975; Horbury and Schmidt, 1999; Gulamali and Cargill, 2001; Borovsky and Denton, 2010] wherein the coronal-hole wind has a higher Alfvén ratio and strong outward imbalance than does the non-coronal-hole wind. Note in column 3 that the r A for CME wind is the lowest and that the degree of imbalance is very low (only 10% above unity).
[62] Breaking slow solar wind (375-425 km/s) into plasma of coronal-hole versus non-coronal-hole origin in columns 6 and 7 of Table 5 , it is seen that the r A and dz out / dz in for coronal-hole-origin slow wind (column 7) are moresimilar statistically to the coronal-hole plasma in general (column 2) than they are to non-coronal-hole slow wind (column 6). Again, this emphasizes that the plasma type is more important than wind speed or wind age.
[63] Note also in the last row of Table 5 that the median number of strong current sheets N d in the slow wind of coronal-hole origin (column 7) is 6 whereas it is 3 in the slow wind of non-coronal-hole origin (column 6). Accounting for the median wind speed differences in columns 7 and 2, the value N d = 6 of column 7 becomes 6 Â (506/408) = 7.4 which is comparable to the value N d = 9 in column 2 for coronal-hole-origin wind in general. Again, the coronal-hole versus non-coronal-hole characteristics are more fundamental than the speed-of-wind differences.
Autocorrelation Functions of the Fluctuation Amplitudes
[64] The temporal autocorrelation functions of the fluctuation amplitudes are explored in Figure 
(blue) are plotted for time shifts of up to 40 days. Note the decay from unity as the time shift Dt increases from 0. Note also the peaks in the autocorrelation functions at 27 days, the solar rotation period. Also plotted in the first panel are the autocorrelation functions of log 10 (S p ) (dashed purple) and log 10 (C 6+ /C 5+ ) (dashed green). The specific entropy and charge-state ratio are markers of the type of plasma emitted from the Sun; the peaks of the autocorrelation functions of log 10 (S p ) and log 10 (C 6+ /C 5+ ) at 27 days indicates the tendency for the solar wind plasma type to recur after one 27-day rotation of the Sun [see also Borovsky and Denton, 2010, Figure 3] . For the turbulence amplitudes, 27-day peaks are discernible in the autocorrelation functions out to 189 days (7 solar rotations). In the second panel of Figure 20 the autocorrelation functions of dv/v A , dB/B, and dE8p/B 2 are plotted (solid curves) along with the autocorrelation functions of several solar wind parameters (dashed curves). The rate of drop from unity of the autocorrelation functions of the three amplitudes are very similar to the rates of drop from unity of log 10 (S p ), log 10 (C 6+ /C 5+ ), and N d , mildly similar to the rate of drop of T p , and different from the rates of drop of n, B, and v sw . The similarity with the temporal behavior of log10(S p ), log 10 (C 6+ /C 5+ ), and N d is an indication that the amplitudes of the velocity and magnetic field fluctuations in the solar wind may be related to the type of plasma and to the population of strong current sheets.
[65] In Table 6 the autocorrelation times (persistence times) of the various parameters in Figure 20 (middle) are listed. The autocorrelation times for dv/v A , dB/B, and dE8p/ B 2 , log 10 (S p ), log 10 (C 6+ /C 5+ ), and N d are all similar. Again, this is an indication that the amplitudes of the velocity and magnetic field fluctuations in the solar wind may be related to the type of plasma and to the population of strong current sheets.
[66] In Figure 20 (bottom) the autocorrelation functions of log 10 (r A ) and log 10 (dz out /dz in ) are plotted (solid curves), along with several solar wind quantities (dashed curves). The autocorrelation times appear in Table 6 . Note that the autocorrelation function of the outward-inward imbalance is very similar to the autocorrelation function of the number of strong current sheets per subinterval N d . As in Figure 16 (bottom), this suggests a connection between strong discontinuities in the solar wind and the outward dominance of the solar wind fluctuations [cf. Borovsky and Denton, 2010] .
Discussion
[67] This section contains brief discussions about (1) the variability of the spectral indices of the solar wind, (2) the systematic difference between the velocity spectral index and the magnetic field spectral index, (3) comparing the measured total-energy spectral index to expectations from turbulence theories, and (4) future work that is needed.
The Variability of the Spectral Indices of the Solar Wind
[68] Throughout this study the reader has seen temporal variations in the spectral indices of the velocity, magnetic field, and total energy fluctuations of the solar wind. There are two aspects to the variations of the spectral indices in the present study: (1) shot-to-shot measurement variations owed to mathematical variance errors introduced into the PSDs formed from finite data records and the fitting over finite frequency ranges to determine spectral slopes and (2) systematic variations that are day-to-day or longer. The magnitude of the shot-to-shot variations is discernible in Figure 4 where the frequency range of fitting is varied. The nature of those shot-to-shot variations is analyzed in Appendix A. The timescales of the systematic variations are indicated in the autocorrelation-function examination of Figures 12 and 20 and the properties of the systematic variations can be discerned in the averaging used in Figures 9-11 and 17-19.
[69] The systematic variation at 1 AU shows a 27-day tendency to repeat the properties (spectral indices, amplitudes, outward-inward imbalance, etc.) of the fluctuations. This can be discerned in Figures 9, 12 , and 20. There is a well-known tendency to observe similar types of plasma at 1 AU separated by the 27-day rotation period of the Sun as seen from Earth. This is an indication that the properties of the fluctuations in the solar wind are to some degree controlled by (or characterizable by) the properties of the plasma.
[70] Two extremes of the systematic spectral-index variations can be analyzed: (1) "steepest-slope intervals" and (2) "shallowest-slope intervals." In Table 9 the median values of the properties of the solar wind plasma and fluctuations in the ACE data set are compared for these two types of intervals. The data used for the shallowest-slope intervals comes from all intervals in the 1998-2008 time series wherein the 1-day running average of the trace-B spectral index is shallower than À1.38; the data used for the steepest-slope intervals comes from intervals in the time series when the 1-day running average of the trace-B spectral index is steeper than À1.91.
[71] Contrasting the steepest-slope regions of the solar wind with the shallowest-slope regions, Table 9 indicates that the steepest-slope regions have steeper spectral indices of v, B, b, and E; have a large difference between the spectral index of v and that of b; have substantially loweramplitude fluctuations dv, db, dB, dE, dz out , and dz in ; have substantially lower amplitude normalized fluctuations dv/v A , dB/B, and dE8p/B 2 ; have slightly smaller Alfvén ratios, and have substantially lower outward-inward Elsasser ratios, close to balanced. The plasma properties of the steepestslope regions of the solar wind are characterized by higher densities, substantially cooler temperatures, and substantially lower proton specific entropies. The steepest-slope regions of the solar wind are also characterized by higher /O 6+ and C 6+ /C 5+ ratios, meaning higher coronal temperatures. The solar wind speed for the steepest-slope plasmas are much lower and the number of density of strong current sheets is substantially lower, but not zero.
[72] The statistical difference in the solar wind speed for the shallowest-slope versus steepest-slope regions is consistent with a difference between fast solar wind and slow solar wind. The statistical difference in the O 7+ /O 6+ chargestate ratio is consistent with a difference between coronalhole-origin plasma and slow non-coronal-hole-origin plasma [cf. Zhao et al., 2009] . Using the Zhao et al. [2009] classification scheme from the O 7+ /O 6+ measurements, it is found that the shallowest-slope regions are categorized as 86% coronal-hole origin, 8% non-coronal-hole origin, and 6% ejecta and that the steepest-slope regions are categorized as 21% coronal-hole origin, 66% non-coronal-hole origin, and 13% ejecta. These values are entered into Table 1 for a comparison with the occurrence frequency of categories for all data subintervals. The shallowest-slope regions (row 3) certainly emphasize coronal-hole-origin plasma. The steepest-slope regions (row 4) emphasize non-coronal-holeorigin plasma and ejecta, with approximately the same ratio of occurrence (5.1 to 1) as in the all-data collection (5.3 to 1, see row 1).
[73] Researchers should be cautioned about the interpretation of spectra obtained from long (a day or more) intervals of solar wind measurements: these spectra can contain mixed contributions from plasmas having differing fluctuation properties.
The Difference Between the Velocity and Magnetic Field Spectral Indices
[74] Throughout this study a systematic difference between the spectral indices of the trace-v and trace-b (or trace-B) spectra has been seen. The magnetic field spectrum tends to be steeper than the velocity spectrum. This difference has been seen in prior solar wind studies [Podesta et al., 2007; Tessein et al., 2009; Salem et al., 2009; Borovsky and Denton, 2010; Podesta and Borovsky, 2010; Boldyrev et al., 2011] , with some of those studies having noted the size of the spectral difference being correlated with solar wind speed. In the present study that solar wind speed correlation is also seen, however the spectral-index difference shows stronger correlations with other plasma properties and with several fluctuation-amplitude measures (see Table 4 ).
[75] Seven possible reasons for this difference between the v and b spectral indices were considered by Borovsky and Denton [2010] , all explanations dealing with complications to the homogeneous, stationary, isotropic, incompressible picture used to derive Kolmogorov spectra for MHD turbulence.
[76] In addition to these seven reasons, Boldyrev et al. [2011] suggest that the difference in the v and B spectral indices may be owed to the accumulation of magnetic helicity at large scales in MHD turbulence. In the MHD simulations of Boldyrev et al. [2011] the amount of difference between the v and b spectral indices varied with the degree of imbalance of the turbulence.
[77] In Borovsky and Denton [2010] the role of the mixture of discontinuity (current-sheet) signal to other signals in the solar wind time series was not considered as clues to the variable spectral difference between v and b, however they observed that more-Alfvénic solar wind statistically has a smaller difference between the spectral indices of v and b (cf. Figures 13 and 14) . Individual solar wind tangential discontinuities are known to be Alfvénic [Neugebauer, 1985; Neugebauer et al., 1986; Neugebauer and Alexander, 1991] : Borovsky and Denton [2010] found that the population of discontinuities (current sheets) in the solar wind are much more Alfvénic (with strong outward dominance) than are the fluctuations in the solar wind plasma between the strong discontinuities. In Figures 10 and 11 it was seen that when the solar wind plasma has a high density of strong current sheets the difference in spectral index between v and b becomes small and where the plasma has a low density of strong discontinuities the difference becomes large. Pertinent to this, Li et al. [2011] found evidence in Ulysses measurements that the presence of strong current sheets in solar wind Fourier transforms Kraichnan À3/2 magnetic field spectra into Kolmogorov À5/3 spectra; however, the effect of current sheets on the difference between the v and b spectra were not studied.
Observed Total-Energy Spectral Indices and Turbulence Theories
[78] In section 4 and Appendix A it is concluded that the average spectral index of the total energy E = m i nv 2 /2 + B 2 /8p of the solar wind is À1.52 and that the distribution of measured total-energy spectral indices for the ACE 1998-2008 data set is consistent with the Kraichnan À3/2 spectrum rather than the Kolmogorov À5/3 spectrum.
[79] A naive interpretation would be that the ACE measurements support a picture in which Kraichnan-type isotropic MHD turbulence with the Alfvén effect acting to weaken eddy-eddy interactions [Iroshnikov, 1964; Kraichnan, 1965] over a simple Kolmogorov-type isotropic MHD turbulence [Fyfe et al., 1977; Hatori, 1984] . Or that the ACE measurements support a picture of Boldyrev-type anisotropic turbulence with scale-dependent v-B alignments [Boldyrev, 2006; Podesta and Bhattacharjee, 2010; Podesta, 2010] over simpler critical-balance turbulence [Goldreich and Sridhar, 1997] .
[80] Note however that the spectral index of the total energy E varies with solar wind plasma properties, complicating any assessment of turbulence models with global solar wind data. The total-energy spectral index at 1 AU tends to be shallower than À1.5 for coronal-hole wind with high proton specific entropy, a large density of strong current sheets, an Alfvén ratio approaching unity, and an outward dominance of fluctuations (see Table 5 ). And, the totalenergy spectral index at 1 AU tends to be steeper than À1.5 for slow non-coronal-hole-origin plasma with low proton specific entropy, low numbers of strong current sheets, an Alfvén ratio much less than unity, and an outward-inward balance to the fluctuations (see also Table 5 ).
[81] Note also that the signal from strong current sheets in the solar wind has not been separated out of the solar windfluctuation spectra analyzed here (or anywhere else). Solar wind strong directional discontinuities on average carry half or more of the spectral energy of the solar wind magnetic field fluctuations [Siscoe et al., 1968; Borovsky, 2010a] and likely a similar fraction for the velocity fluctuations. Arguments can be made that these strong current sheets are plasma boundaries in the solar wind and not an aspect of MHD turbulence in the wind. This is particularly the case for non-coronal-hole solar wind [Borovsky, 2012a [Borovsky, , 2012b . If it is the case that the strong current sheets are not part of the turbulence, then the signal from turbulent fluctuations in the solar wind is masked in the power spectrum of the strong discontinuities and the observed spectral index may or may not be indicative of the properties of turbulence in the solar wind.
Future Work Needed
[82] Discerning turbulence from other structures in the solar wind has been an issue for decades [cf. Siscoe et al., 1968; Sari and Ness, 1969; Bavassano and Bruno, 1991; Tu and Marsch, 1991 , 1994 , 1995a Bruno and Carbone, 2005; Bruno et al., 2007; Borovsky, 2008 Borovsky, , 2010a Li et al., 2011; Owens et al., 2011] , particularly since it has been argued that some types of solar wind structures are fossils from the Sun [e.g., Mariani et al., 1983; Thieme et al., 1988 Thieme et al., , 1989 Thieme et al., , 1990 Feldman et al., 1993; Woo and Habbal, 1998; Reisenfeld et al., 1999; Yamauchi et al., 2002 Yamauchi et al., , 2003 Borovsky, 2008] . Before turbulence in the solar wind can be accurately studied, a true picture of the physical nature of the fluctuations in the solar wind must be obtained. The nature of the fluctuations must be understood before solar wind evolution, energetic-particle transport, and solar wind driving of the Earth's magnetosphere can be correctly calculated. A methodology to discern true MHD turbulence from the ubiquitous tangential discontinuities, pressurebalance structures, magnetic holes, ejecta, and other fossils from the Sun must be developed and the contribution of each type of fluctuation to the Fourier spectra and structure functions of the solar wind needs to be understood. In particular, a determination of the nature and origin of strong current sheets is needed.
Summary
[83] In this report velocity fluctuations and magnetic field fluctuations in the solar wind at 1 AU were examined using measurements from the ACE spacecraft in the years 1998-2008. The method of analysis was to break the 10-year data set into 20,076 subintervals that were each 4.55 h long and to analyze each subinterval separately using Fouriertransform techniques. The results of the individual analyses were then statistically analyzed as an ensemble of realizations of the turbulence of the solar wind. The information obtained is summarized below.
Current Sheets in the Solar Wind Plasma
[84] 1. There is an average of 6 strong (Dq > 45 ) discontinuities (current sheets) per 4.55-h data subinterval in the 1998-2008 ACE data set.
[85] 2. Strong-current-sheet free intervals (N d = 0) are relatively rare: only 13.4% of the subintervals have N d = 0.
[86] 3. Strong-discontinuity-free subintervals are associated with coronal-mass-ejection plasma and non-coronalhole-origin (streamer-belt) plasma.
[87] 4. Intervals with very large numbers of strong discontinuities are associated with coronal-hole-origin wind.
Spectral Indices
[88] 1. The spectral index of the velocity fluctuations is consistently shallower than the spectral index of the magnetic field fluctuations, with the total-energy spectral index in between.
[89] 2. For the 1998-2008 solar wind ensemble, the distributions of spectral indices are À1.62 AE 0.49 for the magnetic field, À1.41 AE 0.39 for the velocity, and À1.52 AE 0.39 for the total energy.
[90] 3. These values of the spectral indices are supported by fits to ensemble-averaged spectra and by fits to single large spectra.
[91] 4. Numerical experiments indicate that the mean value of the spectral-index ensemble should be used as the correct spectral index.
[92] 5. The spectral indices of the solar wind fluctuations vary with the type of solar wind plasma at the measuring satellite. The magnetic field spectral index varies more with plasma type than does the velocity spectral index. Some of the slope variation of the magnetic spectra could be owed to movement of the spectral breakpoint into the range of frequencies analyzed.
[93] 6. The total-energy spectral index (À1.52) is shallower than the Kolmogorov k À5/3 slope and it is consistent with the Kraichnan k À3/2 slope. But note that the totalenergy spectral index varies systematically with the type of plasma.
[94] 7. The spectral index of the z out Elsasser variable tends to be steeper than the spectral index of z in . In the absence of strong current sheets the two spectral indices tend to be equal.
[95] 8. The total-energy spectral index varies with the plasma proton specific entropy S p , with the carbon and oxygen charge-state ratios C 6+ /C 5+ and O 7+ /O 6+ , and with the number of strong discontinuities (current sheets) per data subinterval N d . High-specific-entropy and high-N d plasmas have shallower than À1.5 total-energy spectra and lowspecific-entropy and low-N d plasmas have steeper than À1.5 total-energy spectra.
[96] 9. The difference between the spectral slopes of v and of B is reduced in high-specific-entropy and high-N d plasmas.
[97] 10. Systematic differences are seen in the spectral indices between coronal-hole-origin plasma, non-coronalhole-origin plasma, and CME plasma. The spectral indices are in general steeper in non-coronal-hole plasmas than they are in coronal-hole plasmas.
[98] 11. The systematic differences in the spectral indices between fast and slow wind is owed to the differences between coronal-hole and non-coronal-hole plasma. The spectral indices of slow wind of coronal-hole origin resemble more the indices of coronal-hole wind in general rather than of slow wind in general.
[99] 12. Weak solar-cycle trends are seen in the spectral indices of the solar wind fluctuations.
[100] 13. The autocorrelation times for the spectral indices of the solar wind fluctuations are 20-30 h, similar to the autocorrelation times for the properties of the solar wind plasma; i.e., the spectral indices vary from day to day as the plasma changes.
Fluctuation Amplitudes
[101] 1. The amplitudes dv and db of the velocity and magnetic field fluctuations both vary with time in the solar wind. They vary together with a linear correlation coefficient R corr = +0.95.
[102] 2. The amplitudes dv and db are approximately lognormally distributed in the 1998-2008 ACE measurements.
[103] 3. There is a distinct solar-cycle trend to the fluctuation amplitudes with the amplitudes largest in 2003, a year in the declining phase with strong high-speed-stream occurrence.
[104] 4. The amplitude dz out of the Elsasser variable z out usually dominates the amplitude dz in of the variable z in , yielding an outward-inward Elsasser ratio dz out /dz in that is outward dominant.
[105] 5. For subintervals without strong current sheets (N d = 0), the outward-inward Elsasser ratio dz out /dz in tends to be near unity, meaning the fluctuations are nearly balanced, and the spectral indices of the z out and z in Elsasser variables tend to be equal. For subintervals containing strong current sheets (N d > 0), the outward-inward Elsasser ratio dz out /dz in is greater than unity, meaning the fluctuations are outward imbalanced.
[106] 6. The outward imbalance increases with the density of strong current sheets N d in the plasma and increases with the proton specific entropy of the plasma.
[107] 7. The Alfvén ratio r A = (dv/db) 2 of the fluctuations is almost always less than unity.
[108] 8. The fluctuation amplitudes increase linearly with the number of strong current sheets N d per subinterval.
[109] 9. The normalized amplitudes dB/B, dv/v A , and dE8p/B 2 all increase with increasing solar wind speed, with increasing proton temperature, and with number of strong current sheets and the normalized fluctuation amplitudes increase with decreasing number density, decreasing magnetic field strength, and decreasing C 6+ /C 5+ and O 7+ /O 6+ charge-state ratios.
[110] 10. Systematic differences are seen in the Alfvén ratio and outward-inward imbalance between coronal-holeorigin plasma, non-coronal-hole-origin plasma, and CME plasma. The imbalance is larger for coronal-hole plasmas.
[111] 11. The systematic differences in the Alfvén ratio and outward-inward imbalance between fast and slow wind is owed to the differences between coronal-hole and noncoronal-hole plasma. The Alfvén ratios and degrees of imbalance of slow wind of coronal-hole origin resemble those of coronal-hole wind in general rather than those of slow wind in general.
[112] 12. The autocorrelation times of the amplitudes of the solar wind fluctuations are in the range 11-37 h, similar to the autocorrelation times for the properties of the solar wind plasma.
[113] 13. The autocorrelation times of the amplitudes dB/B, dv/v A , and dE8p/B 2 of the fluctuations are approximately equal to the autocorrelation times of the solar wind proton specific entropy, the number density of strong current sheets, and the carbon and oxygen charge-state ratios.
[114] 14. The autocorrelation times for the Alfvén ratio and outward-inward Elsasser ratio of the fluctuations are also approximately equal to the autocorrelation times of the proton specific entropy, the density of strong current sheets, and the carbon and oxygen charge-state ratios.
Data Analysis Methods
[115] 1. An analysis of numerical experiments simulating the ACE power spectra with variance error finds that for a large number of measurements of the spectral index, the mean of the distribution of measurements is the significant quantity and it is determined to an accuracy that is much less than the standard deviation of the measurements. The mean value is supported by comparison with fits to ensembleaveraged spectra and fits to single spectra created from long time series.
[116] 2. In an ensemble of measurements, the best estimate of the spectral index is not obtained by keeping only those spectral-index fits with the highest R corr values.
[117] 3. For an ensemble of spectra, direct FFT methods using linear detrend of the data provide less statistical noise than FFT methods using tapered windows.
Appendix A: Interpreting the Ensemble of Spectral Indices Obtained From Spectra With Variance Error
[118] Constructing a PSD from a finite record of data introduces "statistical error" or "variance error" into the PSD, which affects the spectral fit of the PSD. In Appendix A we will work to interpret the spectral fitting of FFT-generated PSDs (periodograms) so that we can better interpret the statistics of the ensemble of spectral indices obtained by fits to the 20,076 ACE PSDs. To this end, two sets of computational experiments are utilized. Via these experiments with synthetic PSDs that have known values underlying controlled amounts of variance we will learn about the properties of spectral-index measurements. The ultimate purpose is to learn how to determine the underlying PSD despite the variance errors.
[119] For each 4.55-h data subinterval in the 1998-2008 ACE data set, PSDs were calculated using FFTs and the FFT-generated PSDs were linear-regression fit in log-log space over the frequency range f = 4.3 Â 10 À4 Hz to f = 1.9 Â 10 À3 Hz (see section 4), where the slope of the linearregression fit is the spectral index.
[120] Owing to the fact that the individual PSDs are formed from finite time intervals of data, the Fourier transforms are convolutions of the true spectrum with the time window [George, 1978; Otnes and Enochson, 1972, section 7.1] . This convolution introduces a highly oscillating "spectral variance" into each PSD. The individual values of the FFT-generated PSD are equal to the product of the true PSD times a random function with amplitude proportional to the local value of the true PSD [cf. Jenkins and Watts, 1968, section 6.4.1; Bloomfield, 1976, sections 8.4 and 8.5; Marple, 1987, Appendix 4.A; Kaimal et al., 1989] . The constant of proportionality is of order unity. In the logarithm of the FFT-generated PSD, this product looks like the true PSD (which is frequency dependent) plus a random number (with an amplitude that is frequency independent). For the solar wind, this noisy form of the PSD can be seen by examining unsmoothed power spectral densities (Figure 7) [e.g., see Tu and Marsch, 1995a, Figure 2.2; Bruno and Carbone, 2005, Figure A3 ].
[121] Note that the amplitude of the variance error in a PSD is independent of the number of data points going into the Fourier transform, i.e., it is independent of the length of the time window [cf. George, 1978; Fougere, 1985; Marple, 1987, Appendix 4.A] . The amplitude of the variance error is dependent however on the shape of the time window [cf. Jenkins and Watts, 1968, Table 6.6; Harris, 1978] . Commonly this PSD variance is averaged away by summing independent PSDs [Welch, 1967; Williams, 1981, section E.2.2] or averaged away with spectral smoothing in frequency space [Kay and Marple, 1981, section 4.E; Brillinger, 1981, section 5.4] , as was done in Figures 6 and 7 respectively. In the bulk of the present study the spectral noise is not removed.
[122] In the numerical experiments of this appendix, artificial PSDs are created that resemble the PSDs from ACE (but without variance) and variance is added in controlled fashions to see the effects of variance error on the spectralindex fits to the PSDs and to gain information about how to interpret the ensemble of spectral-index fits. We will pay attention to two quantities in the ACE data analysis and in the experiments: (1) the slope of the linear fit in log-log space and (2) the linear correlation coefficient R corr of the fit.
[123] An artificial PSD is shown in Figure A1 . The solid points are for the perfect PSD Cf À3/2 without variance, where C = 1.66 Â 10 À4 is a constant. Note in Figure A1 that the points are spaced in frequency exactly like the ACE PSDs. A linear fit (in log-log space) to the black points will yield a slope À1.5 and a correlation coefficient R corr = À1.0. The magnitude of the correlation coefficient being unity means that 100% of the variance of log 10 (PSD) is described by a variation of log 10 (f). The solid curve with the hollow points in Figure A1 is an artificial PSD created by adding random numbers (noise) to the logarithm of the perfect PSD represented by the solid points. Analysis of the variance error of periodograms assumes that it is random and has a zero mean [cf. Otnes and Enochson, 1972, section 5.3] . The random numbers are drawn from a zero-mean boxcar distribution of random numbers between ÀA/2 and +A/2, where A is a constant (the amplitude of the random-number set). To match the properties of the spectral variance in FFTgenerated PSDs, the random-number amplitude is independent of the frequency f. Since random variance was added to the perfect PSD, the correlation coefficient R corr will have a magnitude less than unity, i.e., all of the variation of log 10 (PSD) is not described by a variation of log 10 (f ).
[124] When variance is added to a perfect PSD, two things happen. (1) The slope of the noise (added variance) adds to the slope of the perfect PSD; the slope (spectral index) of the noise-added spectrum can be greater or less than the slope of the perfect spectrum depending on whether the slope of the noise is positive or negative. (2) The linear correlation coefficient of the fit is lowered when the variance is added; the larger the amplitude of the variance, the more the coefficient is lowered. Note that for a given amplitude of noise added to the perfect spectrum, if the slope of the noise is of the same sign (negative) as the slope of the perfect spectrum then the resulting correlation coefficient will be larger in magnitude than it would be if the slope of the noise was of opposite sign to the slope of the perfect spectrum.
[125] For the next few paragraphs, Figure A2 is described. Plotted in red and blue, respectively, are parameters of the spectral fits to the ensemble of ACE velocity and magnetic field PSDs. Every 4.55-h-long data subinterval yields a velocity PSD and a magnetic field PSD, and these are independently fit with least squares linear-regression lines in log 10 (PSD) versus log 10 (f) space from f = 4.3 Â 10 À4 Hz to 1.9 Â 10 À3 Hz. Each PSD yields a spectral index (slope of the fitting line) and a linear correlation coefficient R corr . The spectral index is plotted in Figure A2 as a function of R corr . Each population of PSDs forms a diagonal band in the plot. Numerical experiments with artificial spectra are performed to interpret the bands.
[126] The green points plotted in Figure A2 are from one numerical experiment. Here 10,000 identical perfect spectra (with À3/2 spectral index) were created and to each spectrum random noise was added. Each time the amplitude of the noise was the same, but the numbers were newly randomized. Lines were fit to each of the 10,000 noisy spectra: the spectral indices and R corr values of the 10,000 fits are plotted (green points) in Figure A2 . As can be seen, sometimes the slope of the noisy spectra are steeper than the À1.5 perfect slope and sometimes they are sallower. When they are steeper R corr is higher (closer to À1) than when they are shallower. The numerical-experiment points (green) representing an ensemble of constant-amplitude-noise cases forms a diagonal band which overlies the diagonal bands of the ACE velocity PSDs (red) and the ACE magnetic field PSDs (blue).
[127] A second set of numerical experiments is performed, represented by the yellow curves in Figure A2 . Here, five perfect PSDs (with À3/2 spectral index) are created and five sets of random numbers are created, one set for each perfect PSD. The random number sets are repeatedly multiplied by a Figure A1 . For the numerical experiments, an artificial PSD is shown. The artificial PSD (hollow points) is constructed from a perfect PSD Cf À3/2 (solid points) by adding random numbers to simulate variance error. variable amplitude and added to the perfect PSDs, whence they are fit and the slopes and R corr values are plotted for the five perfect PSDs as the five yellow curves in Figure A2 . Let us first focus on the middle yellow curve (noise set #3). In this case the slope of a line fit to the noise alone is very near to zero. When the amplitude of the added noise is infinitesimally small, the resulting fits yield a slope À1.5 and a correlation coefficient R corr = À1 (left-hand edge of the figure). As the noise amplitude gets larger, the correlation coefficient is reduced from À1, but since the slope of the noise is near zero, the noise neither adds nor subtracts from the slope of the perfect PSD; hence the slope of the noisy PSD remains at À1.5 regardless of the amplitude of the noise. For noise sets #4 and #5, the slope of a fit to the noise alone is <0. When the amplitudes of the noise sets are infinitesimally small, the slope of the noise-added PSDs are again À1.5 with R corr = À1. As the amplitudes of the added noise sets increase, the correlation coefficient is reduced from À1 and the slope of the noise adds to the slope of the perfect PSD so the slopes of the noise-added PSDs are steeper than À1.5. This is shown by the behavior of the yellow curves for noise sets #4 and #5 in Figure A2 . As the noise amplitudes are increased further, eventually the noise dominates and the yellow curves asymptote to the R corr value of the noise and to infinite negative slope corresponding to infinitely loud noise. For noise sets #1 and #2, the slope of a line fit to the noise alone is >0 so the added noise will tend to flatten the spectral slope of the PSD. Again, when the amplitudes of these noise sets is infinitesimally small the spectral index of the noiseadded PSD is À1.5 with R = À1. As the noise amplitude increases R corr is reduced from À1 and the slopes of the noise counteract the slope of the perfect PSD to make a slope shallower than À1.5. The yellow curves for noise sets #1 and #2 reflect this behavior. As the added noise amplitude is larger and larger, the yellow curves will asymptote to the (positive) R corr values of the noise sets with infinite positive slopes corresponding to infinitely loud noise.
[128] These behaviors in the two types of numerical experiments are demonstrated in Figure A3 , where the 5 yellow curves of Figure A2 are redrawn in black. Six ensembles of a perfect À3/2 PSD plus variance are made, with each ensemble having a different amplitude of variance (noise). The noise levels range from very small (0.2) to very large (10). As can be seen, in each case a diagonal band of point results on the spectral-index versus R corr plot, with the black curves tracking the shape of the band.
[129] In Figures A2 and A3 , the perfect answer for the spectral index of the PSDs with variance error lies where the yellow curves converge at the left-hand edge of the plot. One might (incorrectly) think that a best estimate of the spectral index might be obtained by examining all of the measured ACE spectral indices and R corr values and keeping only those spectral fits with the highest R corr values, the Figure A2 . For two sets of numerical experiments with artificial PSDs, the spectral indices of the PSDs obtained from fits of log 10 (PSD) versus log 10 (f) are plotted as functions of the correlation coefficient between log 10 (PSD) and log 10 (f). The red and blue points are for the spectral fits to the ensemble of 1998-2008 ACE velocity and magnetic field PSDs. The green points are for spectral fits to an ensemble of 10000 artificial PSDs formed by perfect spectra (with À3/2 spectral index) plus random noise. Each of the 10000 artificial spectra has the same amplitude noise. The five yellow curves are produced by five perfect PSDs (with À3/2 spectral index) plus five sets of random numbers. The random number sets are repeatedly multiplied by a variable amplitude and added to the perfect PSDs, whence they are fit and the slopes and R corr values are plotted to make the five curves. Figure A3 . Similar to the ensemble of artificial PSD in Figure A2 (green points) six ensembles of a perfect À3/2 PSD plus noise are made and fit with a spectral index and correlation coefficient R corr , which are plotted. Each ensemble has a different amplitude of noise (as labeled) and each ensemble has 10,000 PSDs. The five yellow curves of Figure A2 are replotted here in black.
interpretation being that these spectra have "better fits." From what we know of the first numerical experiment (green points), that would very wrong: the correlation coefficients are higher because the noise adds to the spectral slopes, not because the underling spectral slopes are being found more clearly. If we made the mistake of only taking the "best fit" spectra (those with the highest R corr ), we would concentrate on the red and blue points at the bottom-left end of the diagonal bands of Figure A2 . We would say "the best-fit spectral indices for the solar-wind turbulence are approximately À3."
[130] So how do we get the best estimate of the correct spectral index from the ensemble of ACE PSDs? The answer lies in Figure A4 and A5. In Figure A4 two perfect PSDs, one with spectral index À3/2 and the other with spectral index À5/3, are created and noise with varying amplitudes is added to the perfect spectra. The spectral indices are fit as usual, and the resulting indices are binned and the occurrence distributions are plotted in Figure A4 . Each distribution is for an ensemble of 10,000 cases with the same noise amplitude. As can be seen by examining the various distributions, adding variance error does not skew the mean value of an ensemble of slopes away from the slope of the underlying perfect PSD. In Figure A5 the spectral indices of the energy spectra from ACE are binned and for comparison a distribution of À3/2 perfect spectra with variance error (red) and distribution of À5/3 perfect spectra with variance error (green) are also displayed. As can be seen, the all-data ACE distribution is very consistent with a À3/2 spectrum plus variance error. (The two distributions have an overlap of 92.3%.) The all-data distribution is less consistent with a À5/3 spectrum plus variance error (these two distributions have an overlap of 71.6%).
[131] Note from Figure A4 that the mean is preserved even while the spread of a distribution of measurements increases. Since we will identify the mean value as our measurement of the spectral index of the solar wind turbulence, the question to ask is: How accurate a representation to the true spectral index is the mean value obtained from N measurements? The answer will be that the mean value is much closer to the correct answer than one standard deviation of the measurements (i.e., the mean is determined to an accuracy much less Figure A4 . Two perfect PSDs, one with spectral index À3/2 and the other with spectral index À5/3, are created and noise with varying amplitudes is added to the perfect spectra. The spectral indices are determined and binned. Each distribution plotted is for an ensemble of 10,000 PSDs with the same noise amplitude (as labeled). The mean value of each distribution of spectral indices is indicated on the figure. Arrows in the bottom of the plot indicate the position of À5/3 and À3/2 spectral indices. Figure A5 . The spectral indices of the total energy PSDs from 1998 to 2008 ACE measurements are binned for all subintervals (dashed black curve) and for the directional-discontinuity-free (N d = 0) subintervals (solid black curve). The spectral indices from an ensemble of 10,000 artificial PSDs formed by a À3/2 perfect spectra plus noise are binned (red curve) and the spectral indices from an ensemble of 10,000 artificial PSDs formed by a À5/3 perfect spectra plus noise are binned (green curve).
than the spread of the distribution). This is shown in Figure A6 . To construct this figure a series of numerical experiments are performed, again involving perfect PSDs plus variance error. The perfect PSD has a slope of À3/2 and the noise amplitude is chosen as in the numerical-experiment distributions of Figure A5 that match the spread of the ACE measurements. A set of 100,000 synthetic PSDs (each one a perfect PSD plus noise) is created and each PSD is fit as usual to obtain 100,000 realizations of the spectral index S. The 100,000 spectral indices are collected into a large number of groups, each grouping having N spectral indices. For each group of N spectral indices, the mean value of the spectral index S m is calculated. These mean values of the spectral index S m are then statistically analyzed and the spread in the S m values is determined (this spread is equal to the standard deviation of the S m values). This spread is a measure of the accuracy that a given S m value represents the underlying perfect spectral index. The accuracy is plotted as a function of the group size N in Figure A6 as the bottom set of points. This plotted accuracy pertains to PSDs with variance errors that are approximately equal to the variance errors in the ACE PSDs. The top set of points in Figure A6 is this accuracy normalized to the spread in measured values. As stated earlier, the accuracy by which the mean value represents the spectral index underlying the noise is considerably better than one standard deviation of the measured values of the spectral index. For example, with N = 1840 (the number of quality velocity PSDs for N d = 0 from the 1998-2008 ACE data set) the mean value of the spectral indices is determined to an accuracy of AE0.01, which is about 3% of the standard deviations of the spectral-index measurements.
[132] The analysis of this appendix has shown that the ensemble of total-energy spectral-index measurements from ACE is consistent with a À3/2 spectrum underlying random variance error. The conclusion attained from the analysis of this appendix is that the distribution of ACE spectral-index measurements supports a spectral index of À3/2 for the total-energy spectrum of the solar wind at 1 AU. Note however that there are systematic variations in the totalenergy spectral index with the type of solar wind plasma.
Appendix B: Fast-Fourier-Transform Windowing
[133] When using fast Fourier transforms (FFTs) to analyze the ACE velocity and magnetic field measurements in this report, each data subinterval was detrended with a line prior to Fourier transforming. The purpose of this linear detrend is to eliminate the jump in the measurement value at the end of each 256-point data subinterval when the beginning and end of the data subinterval are matched together (with the implicit assumption that the 256-point data subinterval is periodic in order to apply Fourier-transform analysis). This sudden jump in the measurement value can introduce noise into the Fourier transform.
[134] Another method (besides linear detrend) to eliminate this periodicity jump would be to apply a data-tapering window to each data subinterval prior to Fourier transforming.
[135] To compare the two methodologies, the Fourier analysis of the 1998-2008 ACE data set is repeated a number of times using (a) no pre-processing of the data subintervals, (b) applying a linear detrend to each data subinterval prior to Fourier transforming, and (c) applying various data-tapering windows to the data subintervals prior to Fourier transforming. Note that when using multiplicative windows (method (c)) it is very important to subtract off the mean value of the function prior to applying the window, otherwise the window will transfer the power in the DC offset (which can be very large for v r ) into low-frequency Fourier components, making the spectrum erroneously steep. Methods (a) and (b) do not subtract off the mean value. Note that method (b) is an additive data modification and that method (c) is a multiplicative data modification. The shapes of the data-tapering windows used appear in Figure B1 . The results of the repeated analyses appear in Figure B2 and in Table B1 .
[136] The functional forms of the seven data-tapering windows used for the comparison are given in expressions (B1)-(B7) and the windows are plotted in Figure B1 . Each data subinterval was 256 points long, with the data points equally spaced in time. The data points are labeled with integer j, with j varying from 1 to 256. The Gaussian window is a Gaussian notch with a half width of 20 points that spans the ends of the 256-point data subinterval:
The Gaussian window has the desirable properties that it has an infinite number of continuous derivatives [cf. Hertweck and Schluter, 1957; Borovsky and Hansen, 1991] and its Fourier transform is not a power law [cf. International Figure A6 . 100,000 artificial PSDs (perfect spectra plus noise) are created and each is fit to obtain a spectral index S. The 100,000 spectral indices are collected into groups of size N. For each group of N, the mean value of the spectral index S m is calculated. These mean values S m are then statistically analyzed and standard deviation of S m is determined. This standard deviation is the accuracy that a given S m value represents the underlying perfect spectral index; it is plotted as a function of the group size N (bottom points in the figure) . It is replotted (top points) normalized to the standard deviation in measured values.
Telephone and Telegraph Corporation, 1979] . The exponential 8 window is
which is flat for the central 3/4 of the data subinterval and rolls over smoothly toward zero at the ends. The triangular window (Bartlett window) is 
For each methodology, 15,472 velocity data subintervals that are 256 points long and 20,076 magnetic field data subintervals that are 256 points long are used. For each data subinterval, the Fourier transforms of v r , v t , and v n were used to construct a velocity power spectral density for the subinterval and the Fourier transforms of B r , B t , and B n were used to construct a magnetic field power spectral density for the subinterval. The spectral indices of v and B were determined as usual (see section 2) by least squares linear-regression fitting of the power spectral densities. For each methodology, the 15,472 or 20,076 values of the spectral index of v and of B are then statistically analyzed.
[137] In Figure B2 the occurrence distributions of the spectral indices are plotted. The various colors are the Figure B1 . Seven data-tapering windows w that are used for pre-processing 256-point-long data intervals are plotted as a function of the data-point number j. Figure B2 . The occurrence distribution of the spectral index of the magnetic field power spectral density (left-hand curves) and of the velocity power spectral density (righthand curves) are plotted. Each curve corresponds to 10292 values of the spectral index. The colors of the curves correspond to the data-analysis pre-processing method used. The ACE 1998-2008 measurements were used. distributions obtained from the various methodologies, with the color coding matching that in Figure B1 . The leftmost set of curves in Figure B2 are the distributions of the spectral index of B and the rightmost set of curves are the distributions of the spectral index of v. As can be seen, the distributions with the narrowest spreads are those associated with no pre-processing of the data subintervals (black curves) and with linear detrending of the data (red curves). Applying windows to the data before Fourier transforming results in spectral-index distributions with more spread. This is interpreted as: windowing the data is adding noise (or reducing the signal to noise) to the measurement of the spectral index.
[138] In the first two columns of Table B1 the mean values and standard deviations of the spectral indices for v and B are listed for the various methodologies. As can be seen from the mean values, all of the methods are fairly consistent, except perhaps the "no data preprocessing" method that lead to spectral indices slightly steeper than the others. However, the filters tend to increase the standard deviation of the spectral indices, implying that they are adding noise to the spectral-index measurement. The methods are listed in Table B1 in order of ascending standard deviation. The "no data preprocessing" has the least spread, followed by the linear detrend, then by the Gaussian window with its continuous derivatives, finally by the other windows.
[139] For all the various methodologies the ensemble average of the 15,472 or 20,076 spectra are formed and power law fits to the ensemble-average spectra are made (as in Figure 6 ). In the last two columns of Table B1 these spectral indices are listed. As can be seen, the methods yield very similar spectral indices, except the "no data preprocessing" method which yields slightly steeper spectra.
[140] In summary, for the FFT analysis of the ACE data, utilizing data-tapering windows prior to Fourier transforming seems to weaken the signal-to-noise for the measurement of the spectral indices. The superior method appears to be using a linear detrend to the data subintervals. 
